Azospirillum brasilense glutamate synthase (GltS) is the prototype of bacterial NADPH-dependent enzymes, a class of complex iron-sulfur flavoproteins essential in ammonia assimilation processes. The catalytically active GltS ␣␤ holoenzyme and its isolated ␣ and ␤ subunits (162 and 52 kDa, respectively) were analyzed using synchrotron radiation x-ray solution scattering. The GltS ␣ subunit and ␣␤ holoenzyme were found to be tetrameric in solution, whereas the ␤ subunit was a mixture of monomers and dimers. Ab initio low resolution shapes restored from the scattering data suggested that the arrangement of ␣ subunits in the (␣␤) 4 holoenzyme is similar to that in the tetrameric ␣ 4 complex and that ␤ subunits occupy the periphery of the holoenzyme. The structure of ␣ 4 was further modeled using the available crystallographic coordinates of the monomeric ␣ subunit assuming P222 symmetry. To model the entire ␣␤ holoenzyme, a putative ␣␤ protomer was constructed from the coordinates of the ␣ subunit and those of the N-terminal region of porcine dihydropyrimidine dehydrogenase, which is similar to the ␤ subunit. Rigid body refinement yielded a model of GltS with an arrangement of ␣ subunits similar to that in ␣ 4 , but displaying contacts also between ␤ subunits belonging to adjacent protomers. The holoenzyme model allows for independent catalytic activity of the ␣␤ protomers, which is consistent with the available biochemical evidence.
Glutamate synthase (GltS) 1 is a complex iron-sulfur flavoprotein that catalyzes the reductive transfer of the L-glutamine amide group to C-2 of 2-oxoglutarate (2-OG) using either reduced pyridine nucleotides (NADH or NADPH) or reduced ferredoxin as the physiological electron donor, depending on the enzyme species (1) . The enzyme forms, with glutamine synthetase, the main pathway for ammonia assimilation in microorganisms and plants and has an unknown role in animals. Bacteria contain an NADPH-dependent GltS (NADPHGltS) whose catalytically active ␣␤ protomer (␣ subunit, 162 kDa; and ␤ subunit, 52.3 kDa) contains one FAD, one FMN, and three different iron-sulfur clusters. Eukaryotic GltS is reported to be NADH-dependent and is formed by a single polypeptide chain derived from the fusion of bacterial ␣ and ␤ subunits. On the basis of sequence similarities, NADH-dependent GltS should have a cofactor content and overall architecture similar to those of the well characterized Azospirillum brasilense NADPH-GltS. Finally, cyanobacteria and plants contain an Fd-dependent GltS (Fd-GltS) similar in size, primary and tertiary structure, cofactor content, and function to the ␣ subunit of NADPH-GltS. In these organisms, Fd-GltS is reported to be mainly involved in re-assimilation of ammonia released during photorespiration or from storage compounds, whereas NADH-dependent GltS appears to be mainly responsible for primary ammonia assimilation in roots (2) .
A. brasilense NADPH-GltS is, indeed, the best studied GltS form. By combining a number of kinetic and spectroscopic studies on the ␣␤ holoenzyme and on its isolated ␣ and ␤ subunits, a model of NADPH-GltS has been proposed (1), which was fully confirmed and refined after the determination of the three-dimensional structures of the NADPH-GltS ␣ subunit (3) and of Synechocystis PCC6803 Fd-GltS (4) . According to such a model ( Fig. 1) , the GltS overall reaction takes place at three distinct catalytic subsites: NADPH binds and is oxidized at the pyridine nucleotide site within the ␤ subunit with FAD reduction to the hydroquinone form. Reducing equivalents are transferred from FAD (on the ␤ subunit) to FMN (on the ␣ subunit) through at least two of the three iron-sulfur clusters of GltS (viz. the [3Fe-4S] 0,1ϩ cluster in the ␣ subunit and at least one of the two low potential 1ϩ,2ϩ clusters present in the holoenzyme) (5, 6 ). 2-OG binds in the FMN domain of the ␣ subunit (the enzyme synthase site); is converted to the 2-imi-* The work performed in the Milano and Pavia laboratories was supported by Ministero dell'Istruzione, dell'Università e della Ricerca Grant PRIN2001 (Rome) and by a Target Project on Biotechnology grant from the Consiglio Nazionale delle Ricerche (Rome). Synchrotron scattering measurements at the European Molecular Biology Laboratory (Hamburg Outstation) were supported by European Union Grant HPRI-CT-1999-00017. The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ noglutarate intermediate upon addition of ammonia; and is reduced to L-Glu by the reduced FMN cofactor, which shuttles between the quinone and hydroquinone forms (6) . Ammonia originates from hydrolysis of glutamine at the N-terminal PurF (type II) glutamine amidotransferase (GAT) domain of the GltS ␣ subunit and is transferred to the FMN/2-OG-binding site through an intramolecular ammonia tunnel (3, 4) , a feature typical of all known amidotransferases (7) .
Unfortunately, crystallization experiments with the NADPH-GltS ␣␤ protomer have not been successful yet, and it has not been possible to crystallize the Fd⅐Fd-GltS complex. Therefore, several aspects of GltS mechanism of action rely only on solution information. For example, conformational changes within the ␣ subunit have been proposed to take place upon association with the ␤ subunit to yield the holoenzyme, with the resulting tight coupling of glutamine hydrolysis and glutamate synthesis at the GAT and synthase sites of the ␣ subunit, respectively (8) . Furthermore, the intramolecular electron transfer pathway from FAD to FMN through the enzyme iron-sulfur clusters remains to be established.
To gain insight into the quaternary structure of the GltS ␣␤ protomer, we carried out small-angle x-ray scattering measurements on solutions of the NADPH-GltS ␣␤ holoenzyme and its isolated ␣ and ␤ subunits. Masses and shapes of the protein species were determined by ab initio analyses of the scattering data. Rigid body modeling of the solution scattering patterns of the ␣ subunit was performed using the known atomic coordinates of the GltS ␣ subunit (3) . A model of the GltS ␤ subunit based on the three-dimensional structure of the N-terminal region of porcine recombinant dihydropyrimidine dehydrogenase (DPD) (9) was employed to build a functional model of the GltS ␣␤ protomer, and the resulting protein heterodimer was used to further construct the molecular model of the GltS (␣␤) 4 tetrameric species. The models account for the available solution scattering patterns of the holoenzyme and of the individual subunits and agree with the biochemical evidence available on GltS.
EXPERIMENTAL PROCEDURES
Sample Preparation-The GltS holoenzyme and its ␣ and ␤ subunits were prepared as described (8, 10, 11) . Prior to experiments, enzymes were transferred to Buffer A (25 mM Hepes/KOH buffer (pH 7.5), 1 mM EDTA, and 1 mM dithiothreitol) by gel filtration chromatography on Sephadex G-25 columns, concentrated to 20 -40 mg/ml with centrifugal concentrators (Centricon 30, Amicon, Inc.), and stored frozen at Ϫ80°C after rapid freezing in liquid nitrogen. For small-angle x-ray scattering measurements, solutions were diluted in Buffer A and brought to 5 mM dithiothreitol. The protein concentration of the samples prior to measurements and of those recovered from the measurement cell was determined spectrophotometrically using known extinction coefficients (8, 10, 11) or using the Bradford method (12) with bovine serum albumin as a standard. The activities and electrophoretic patterns of proteins recovered from the measurements were also determined to check for enzyme degradation upon x-ray irradiation.
Scattering Experiments and Data Processing-The synchrotron radiation x-ray scattering data were collected on the X33 camera (13, 14) at the European Molecular Biology Laboratory on the storage ring DORIS III of the Deutsches Elektronen Synchrotron using multiwire proportional chambers with delay line readout (15) . The scattering patterns were recorded at a sample-detector distance of 2.2 m, covering the range of momentum transfer 0.15 Ͻ s Ͻ 3.5 nm Ϫ1 (s ϭ 4sin()/, where 2 is the scattering angle and ϭ 0.15 nm is the x-ray wavelength). The solution of the ␤ subunit was measured at a protein concentration of 1 mg/ml; solutions of the ␣ subunit were measured at several concentrations ranging from 1 to 30 mg/ml; and those of the GltS holoenzyme were measured at concentrations ranging from 1 to 23 mg/ml.
To check for radiation damage during the scattering experiments, the data were collected in 15 successive 1-min frames. The individual frames were averaged after normalization to the intensity of the incident beam and corrected for the detector response, and the scattering of the buffer was subtracted using the programs PRIMUS and SAPOKO. 2 The difference curves were scaled for the solute concentration and extrapolated to infinite dilution following standard procedures (16) .
The maximum particle dimensions (D max ) were estimated using the orthogonal expansion program ORTOGNOM (17). The forward scattering (I(0)) and the radius of gyration (R g ) were evaluated using the Guinier approximation (18) assuming that, at very small angles (s Ͻ 1.3/R g ), the intensity is represented as I(s) ϭ I(0)exp(Ϫ(sR g ) 2 /3). These parameters were also computed from the entire scattering patterns using the indirect transform package GNOM (19) , which also provides the distance distribution function (p(r)) of the particle. The molecular masses of the solutes were evaluated by comparison of the forward scattering with that from reference solutions of bovine serum albumin (66 kDa).
Ab Initio Shape Determination-Low resolution models of the proteins were generated ab initio by the program DAMMIN (20) . The program represents the particle as a collection of M Ͼ Ͼ 1 densely packed beads inside a sphere with the diameter D max . Each bead belongs either to the particle or to the solvent, and the shape is described by a binary string of length M. Starting from a random string, simulated annealing is employed to search for a compact model that fits the experimental data I exp (s) to minimize discrepancy (Equation 1), 2 ϭ 1
where N is the number of experimental points, c is a scaling factor, and I calc (s j ) and (s j ) are the calculated intensity and the experimental error at the momentum transfer s j , respectively. Prior to shape analysis by DAMMIN, a constant is subtracted from each data point to force the s Ϫ4 decay of the intensity at higher angles following Porod's law (21) for homogeneous particles. The resulting "shape scattering" curve (i.e. scattering due to the excluded volume of the particle with unit density) in the range up to s ϭ 2.0 nm Ϫ1 was used for ab initio shape restoration. The excluded volume of the hydrated particle (Porod volume) was computed from the shape scattering curve using Equation 2 (21) .
The outer parts of the scattering patterns (s Ͼ 2.0 nm Ϫ1 ) dominated by the scattering from the internal structure were discarded in the shape analysis. The shapes were reconstructed ab initio using symmetry restrictions when appropriate (P222 symmetry for the tetrameric ␣ subunit and GltS) and also without symmetry restrictions.
High Resolution Models-The crystallographic model of the dimeric A. brasilense GltS ␣ subunit was taken from Protein Data Bank (22) crystallographic coordinates of residues 50 -520 of pig liver DPD (Protein Data Bank code 1h7w) (9) were used. This region of DPD has 39% sequence similarity (25% identical residues and 14% conservative substitutions) to the GltS ␤ subunit and contains the FAD-and NADPbinding sites and the two N-terminal [4Fe-4S] clusters of the enzyme. To build the ␣␤ protomer, the GltS ␤ subunit model was docked onto the GltS ␣ subunit as described under "Results and Discussion," and the heterodimer model coordinates were generated using the program MASSHA (23) .
Molecular Modeling-Rigid body modeling of the quaternary structure of ␣ 4 and GltS in solution was performed in the same angular range (s Ͻ 2 nm Ϫ1 ) as for the ab initio modeling; no attempt was made to model the scattering at higher angles, which is defined by tertiary rather than quaternary structure. The scattering amplitudes of the individual subunits were calculated using the program CRYSOL (24), which takes the scattering from the excluded volume and from the hydration shell into account. Given the atomic coordinates, the program can either fit the experimental scattering curve or, in the absence of the experimental data, predict the theoretical scattering pattern (I(s)) expressed in terms of spherical harmonics (Equation 3),
where complex function A lm (s) is the partial scattering amplitudes of the particle (24) .
To exploit symmetry restrictions for model building, the program GLOBSYMM was written. This program performs a global search of the quaternary structure of a symmetric oligomer built from monomers (point symmetries Pnk, where n ϭ 2 . . . 6, and k ϭ 1,2 are currently supported). First, the partial scattering amplitudes of the monomer (A lm (s)) centered at the origin in a reference orientation are computed from the high resolution model using CRYSOL. Rotation of the monomer by the Euler angles ␣, ␤, and ␥, followed by its displacement by the vector r ϭ (r,,) and generation of all symmetry mates, permits one to construct a symmetric oligomer. The partial scattering amplitudes of the rotated and shifted monomer (B lm (s) ϭ B lm (s,␣,␤,␥,r)) can be analytically expressed via the amplitudes (A lm (s)) and the elements of the finite rotation matrix (25) as described (26) . Assuming without loss of generality that the n-fold axis coincides with the z axis and that the 2-fold axis in the case of Pn2 symmetry coincides with the y axis, symmetry mate generation leads to selection rules for the spherical harmonics so that the scattering from the entire oligomer is as in Equation 4 ,
where the summation runs only over m equal to zero or multiples of n; and moreover, terms of order l0 with odd l as well as all imaginary parts vanish in the case of k ϭ 2. Equation 4 permits one to rapidly compute the scattering intensity from the symmetric oligomer, making it possible to employ an exhaustive search of the positional and rotational parameters to minimize discrepancy (Equation 1). The magnitude of the vector r can be constrained by the experimental value of the radius of gyration of the oligomer; and for k ϭ 1, it is sufficient to consider only displacements along the x axis. The global search of four (for k ϭ 1) or six (for k ϭ 2) positional parameters is performed over the allowed range of the magnitude of the shift, whereby the angular parameters are taken from a quasi-uniform Fibonacci grid (27) .
The model of tetrameric ␣ 4 was constructed by GLOBSYMM from ␣ subunits assuming P222 symmetry. After addition of the ␤ subunit to each of the ␣ subunits in the ␣ 4 model, the scattering amplitude from the ␣␤ protomer was computed using CRYSOL, and the GltS structure was modeled interactively in terms of entire ␣␤ protomers using the program MASSHA (23) . For this, the latter program was modified to perform local rigid body refinement against the scattering data for symmetric oligomers using Equation 4 . The volume fractions of monomers and dimers in the solution of ␤ subunits were computed by the program OLIGOMER 2 using the scattering patterns from the homology model of the monomeric subunit (see above) and from that of the dimeric model constructed as described under "Results and Discussion."
RESULTS AND DISCUSSION
Overall Parameters-The experimental scattering patterns from the solutions of the GltS ␣ subunit, the GltS holoenzyme, and its ␤ subunit are presented in Fig. 2 (curves 1-3 , respectively), and Table I summarizes the structural parameters obtained from these data sets. The estimated molecular masses of the solutes are compared with the values predicted from the sequences of monomeric proteins in Table I . The comparison indicates tetrameric assemblies for the GltS ␣ subunit and holoenzyme, whereas for the ␤ subunit, the effective molecular mass is between that of the monomeric and dimeric protein forms. The accuracy of molecular mass determination by solution scattering is limited, in particular, by the uncertainty in the measured protein concentrations required for the data normalization. As an additional check, the excluded (Porod) particle volumes were also analyzed, taking advantage of the fact that the Porod volume is computed without model assumptions and does not depend on data normalization (21) . For globular proteins, Porod (i.e. hydrated) volumes in nm 3 are about twice the molecular masses in kDa. As shown in Table I , the Porod volumes of all the solutes are in good agreement with the estimated molecular masses. Thus, it can be concluded that both the GltS ␣ subunit and holoenzyme are tetrameric in solution, whereas dissolved ␤ subunits form an approximately equimolar mixture of monomers and dimers. The finding that the GltS holoenzyme forms tetramers at the protein concentrations used in these experiments is in perfect agreement with previous mass determination experiments by analytical gel filtration (10). In the same experiments, the GltS ␣ subunit eluted in a broad peak centered around the elution position of apoferritin (443 kDa) (10) . As the ␣ subunit is unlikely to form trimers, it was suggested that the GltS ␣ subunit in solution could be an asymmetric dimer (324 kDa), similar to that found in the crystallographic model (3). The present experiments correct such an interpretation and conclusively demonstrate that the GltS ␣ subunit forms tetramers in solution at concentrations above 1 mg/ml. The finding that the ␤ subunit may form dimers in solution also corrects previous gel filtration results pointing to monomeric ␤ subunits (10) . It is conceivable that the monomer-dimer equilibrium of the ␤ subunit was shifted toward monomers during the gel filtration experiments (10); moreover, quantitative analysis of these experiments is shape-dependent and thus less accurate than the present small-angle x-ray scattering results.
The distance distribution functions (p(r)) of ␣ 4 and the GltS holoenzyme computed from the experimental data (Fig. 3) are typical for globular hollow particles, with a pronounced maximum shifted toward larger distances (16) . Moreover, the two functions are nearly identical up to intraparticle distances of ϳ6 nm and display similar profiles also at larger distances. GltS has a larger maximum size, and its p(r) goes systematically above that of ␣ 4 for distances Ͼ6 nm. Given that GltS additionally contains ␤ subunits compared with ␣ 4 , this observation suggests that the arrangement of ␣ subunits in the GltS tetramer is similar to that in ␣ 4 (leading to similar distributions at smaller distances), whereas the ␤ subunits are located at the periphery of GltS, increasing the maximum particle size.
Shape Determination-Typical ab initio low resolution models of ␣ 4 and GltS restored assuming P222 symmetry are displayed in Fig. 4 , and the curves computed from these models neatly fit the experimental data ( Fig. 2 ; the corresponding S values are given in Table I ). Superposition of the shapes of ␣ 4 and GltS in Fig. 4 (lower row) indicates that the two proteins have a similar overall structure, but there is an extra volume on the periphery of GltS providing space for the ␤ subunits. This result is in agreement with the above analysis of the overall parameters and of the p(r) functions. The reconstructions without symmetry restrictions yielded low resolution models similar to those in Fig. 4 , also suggesting that the ␤ subunits are located on the periphery of the GltS tetramer. The ab initio model of ␤ subunit species presented in Fig. 4 (third row) suggests that the protein has an elongated shape in solution. This model should, however, be treated with caution given the fact that the solution of the ␤ subunit appears to be a mixture, and shape determination in this case provides a tentative model, intermediate between monomeric and dimeric subunits.
Rigid Body Modeling Strategy-The above results clearly indicate that the arrangement of ␣ subunits in GltS holoenzyme tetramers should be similar to that in tetrameric ␣ 4 . Based on this, the following strategy for rigid body modeling was chosen. (i) A model of ␣ 4 was constructed against its scattering pattern using the high resolution crystal structure of the monomeric ␣ subunit 
FIG. 4. Low resolution models restored ab initio by DAMMIN.
␣ 4 (upper row) is shown in cyan, GltS (second row) in tomato, and ␤ 2 (third row) in green. An overlap of GltS (semitransparent spheres) and ␣ 4 is displayed in the lower row. The models in the middle and right columns are rotated clockwise by 45°and 90°around the y and x axes, respectively. The models were displayed using the program ASSA (32).
TABLE I
Summary of structural parameters computed from the scattering data R g , D max , MM, and V P are the radius of gyration, maximum size, molecular mass, and excluded Porod volume, calculated from the scattering data, respectively. MM mon is the theoretical molecular mass of the monomeric subunit/protomer computed from the primary structure. Discrepancy between the experimental data and the computed scattering curves from the model is denoted as follows: S for ab initio shape determination; 0 for the rigid body model in terms of the crystallographic dimer (row 1), ␣ 4 with added ␤-subunits (row 2), and monomeric and dimeric ␤-subunits (row 3); and for final rigid body models (rows 1 and 2), and the composite curve from a mixture of monomers and dimers (row 3). body movements of the ␣␤ protomers to fit the experimental scattering data of GltS. Rigid Body Modeling of the ␣ 4 Tetramer-As ␣ subunits form a tightly coupled dimer in the crystal (3), we first attempted to construct the model of ␣ 4 as a dimer of crystallographic ␣ dimers. This attempt failed, as the experimental data from ␣ 4 could only be poorly fitted by a model of two rather separated ␣ 2 dimers displaying no contacts between each other, and even the best model yielded a very high 0 value of 6.0 (Fig. 2, curve 1) . It was concluded that the contacts between monomers in ␣ 4 should be different from those in the crystal, and a global search was performed using GLOBSYMM based on the monomeric ␣ subunit assuming P222 symmetry. The best model (Figs. 5 and 6, upper rows) yields a good fit to the experimental data with ϭ 2.3 (Fig. 2, curve 1 ) and agrees well with the ab initio shape of ␣ 4 . In this model, contacts are established between one subunit and the two flanking it through the central domain in one case and the GAT and C-terminal ␤-helical domains in the other. Thus, the C-terminal ␤ helix of the GltS ␣ subunit, which is unlikely to play a role in catalysis (3), seems to contribute to the tetramer formation by interacting with the GAT domain of the neighboring subunit, but it is not solely responsible for ␣ subunit tetramerization. The association of the ␣ subunits to yield the tetramer does not involve the catalytic subsites (viz. the glutaminase site in the GAT domain and the 2-OG/glutamate-binding sites in the synthase domain) (Fig.  1 ), so individual subunits should act independently during catalysis, in agreement with the known properties of the GltS ␣ subunit.
Construction of the GltS ␣␤ Protomer Model-A model of the GltS ␣␤ protomer was constructed using the crystallographic coordinates of the GltS ␣ subunit (3) and those of the Nterminal region of porcine DPD, which shares the highest similarity with the GltS ␤ subunit (residues 50 -520) (1, 28) . The three-dimensional structure of DPD has been solved (Protein Data Bank code 1H7X) (9) , and its ␤ subunit-like N-terminal part has been shown to be formed by an N-terminal subdomain harboring the [4Fe-4S] clusters of DPD (hereafter referred to as the Fe-S domain), corresponding to the two [4Fe-4S] 1ϩ,2ϩ clusters of GltS and an adrenodoxin reductase-like part containing the FAD cofactor-and NADPH-binding sites of the enzymes. The three-dimensional structure of the GltS ␣ subunit (3) shows no obvious site where the ␤ subunit may bind. Therefore, the ␤ subunit model was manually positioned against the GltS ␣ subunit crystallographic model to allow for electron transfer from FAD to FMN through the [4Fe-4S] clusters (on the ␤ subunit model) and the [3Fe-4S] center (on the ␣ subunit), avoiding steric clashes between the protein models. With these criteria, the ␤ subunit could be positioned only with the Nterminal Fe-S domain tucked between the central and FMN domains of the ␣ subunit and with extended contacts between residues of the NADPH-binding domain of the ␤ subunit model and residues of the ␣ subunit FMN/synthase domain. The resulting model shown in Fig. 6 is compatible with the known properties of GltS. Close interactions between the subunits are established via the N-terminal Fe-S domain of the ␤ subunit model, in agreement with a similar finding in DPD and sitedirected mutagenesis experiments with GltS, 3 which show that aminoacyl substitutions that prevent the formation of the GltS [4Fe-4S] clusters also prevent subunit association to yield the GltS ␣␤ protomer. Furthermore, access to the NADPH-and 2-OG-binding sites is not altered by interaction between the ␣ and ␤ subunits, thus maintaining the full functionality of the active centers. The spatial arrangement of the GltS redox centers in this model is also in agreement with the bifurcated electron transfer pathway proposed on the basis of known redox properties of GltS cofactors (Fig. 1) . On the basis of the midpoint potential values of the flavin cofactors and of the [3Fe-4S] cluster of GltS (6), two-electron reduction of FAD by NADPH (on the ␤ subunit) would be followed by transfer of single electrons to FMN: one electron would be transferred from the FAD hydroquinone to the [3Fe-4S] 1ϩ cluster, whereas the second electron would be transferred, at a low potential, from the FAD semiquinone to one of the [4Fe-4S] centers of GltS. The latter, in the reduced 1ϩ state, would be able to reduce FMN to the semiquinone form, which could be converted to the hydroquinone species upon electron transfer from the reduced [3Fe-4S] cluster. Two-electron reduction of the 2-iminoglutarate intermediate formed at the GltS site would complete the catalytic cycle. The bifurcated electron transfer path would be feasible in the GltS ␣␤ protomer model presented here, provided the conformation of the N-terminal Fe-S domain of the actual ␤ subunit differed from that of the corresponding domain in DPD and allowed an overall decrease in distances among redox centers with respect to the ones calculated in the model, viz. ϳ20 Å from FAD to the [3Fe-4S] cluster and ϳ24 Å between FMN and the closest [4Fe-4S] cluster. With this assumption, both [4Fe-4S] clusters of GltS could be used as stepping stones for electron transfer from the FAD semiquinone to oxidized FMN. A difference between the Fe-S domain of the GltS ␤ subunit and that of DPD would not be surprising in light of (i) differences in primary structures sufficient to justify slightly different conformations and (ii) different redox behavior of GltS [4Fe-4S] clusters with respect to the corresponding centers of DPD. In particular, one of the [4Fe-4S] clusters of GltS can be reduced by NADPH, whereas the second center can be reduced photochemically (5). On the contrary, all iron-sulfur clusters of DPD exhibit a low potential, and none can be reduced by NADPH (28, 29) ; only two, presumably the C-terminal [4Fe-4S] clusters absent in GltS, can be reduced under very harsh conditions (29) . A different conformation of the N-terminal Fe-S domain of the GltS ␤ subunit could even remove one of the [4Fe-4S] clusters of GltS from the electron transfer pathway, thus leading to the conclusion that it plays a structural rather than a redox role in the enzyme.
FIG. 5. Models obtained by rigid body refinement (C-␣ traces).
Upper row, ␣ 4 ; middle row, GltS (␣ and ␤ subunits displayed in blue and red, respectively); lower row, the ␤ dimer extracted from the GltS model. The rigid body models are superimposed with the corresponding low resolution models of Fig. 4 (semitransparent beads). The models were displayed using ASSA (32) in the same orientations as in Fig. 4 . 4 Tetramer-When the ␤ subunit was added as described above to each ␣ subunit in the ␣ 4 model in Fig. 5 (upper row) , a symmetric model of GltS was obtained built from the tentative ␣␤ protomers in Fig. 6 (middle). The model obviously has the same mutual orientation of ␣ monomers as in ␣ 4 , but ␤ subunits display steric clashes, and the fit to the experimental data from GltS is poor ( 0 ϭ 8.3) (Fig. 2, curve 2) . This model was refined using rigid body movements of entire ␣␤ protomers, maintaining P222 symmetry and keeping the positions of ␣ subunits close to those in ␣ 4 . The best solution obtained in the vicinity of the initial model yields the fit to the experimental data with ϭ 2.2 ( Fig. 2,  curve 2) , whereas the positions of ␣ subunits are reasonably close to those in the initial structure (root mean square deviation of 1.3 nm). Again, the model provided by rigid body refinement agrees well with the ab initio shape (Fig. 5, middle row; and Fig. 6, lower) .
Rigid Body Modeling of the GltS (␣␤)
The above model of the GltS (␣␤) 4 tetramer displays contacts between symmetrically related ␣ and ␤ subunits, suggesting that both subunits play a role in the tetramer formation. Especially interesting are close contacts between ␤ subunits, which appear to form a pair of rather tightly coupled dimers. These dimers have an elongated shape compatible with the ab initio model computed from the experimental scattering from the solution of the ␤ subunit (Fig. 5, lower row) . The scattering pattern computed from the hypothetical ␤ dimer yields the fit with 0 ϭ 3.3 to the experimental data (Fig. 2, curve 3) , and the theoretical R g of this dimer (3.5 nm) exceeds the experimental value (3.3 nm). The scattering from monomeric ␤ subunits also displays systematic deviations from the experimental data ( 0 ϭ 2.5), but the theoretical R g of the monomer (2.7 nm) is smaller than the experimental value. This observation further confirms that the solution of ␤ subunits is a mixture of monomers and dimers, and the experimental data can be neatly fitted ( ϭ 0.9) by a linear combination of calculated scattering from monomeric and dimeric ␤ subunits (volume fractions of 60 and 40%, respectively). The monomer-dimer equilibrium in solutions of the ␤ subunit can thus be reconciled with the model of GltS independently obtained by rigid body refinement, and this adds further credit to both models.
In the GltS (␣␤) 4 tetramer, accessibility of all the enzyme catalytic subsites (viz. L-glutamine-, 2-OG/L-Glu-, and NADPHbinding sites) is not altered with respect to the isolated ␣␤ protomer, in agreement with the fact that the catalytic properties of GltS are not influenced by its oligomerization state. Interactions between the N-terminal GAT and C-terminal ␤-helical domains of adjacent subunits are lost in the GltS ␣␤ tetramer with respect to the ␣ 4 tetramer, whereas those between the central domains are maintained. The absence, also in the GltS (␣␤) 4 tetramer, of interactions between the Cterminal ␤ helices supports the conclusion that this domain is not a tetramerization domain. Since a direct role in catalysis of the ␤-helical domain of GltS has been ruled out (3), and we now also rule out its involvement in (␣␤) 4 tetramer formation, it can be concluded that such a domain is essential in GltS in that it forms, with all other three enzyme domains, the intramolecular ammonia tunnel that connects the GAT and synthase domains and allows ammonia transfer between them.
The loss of interactions between the GAT and ␤-helical domains of adjacent subunits in the GltS (␣␤) 4 tetramer with respect to the ␣ 4 tetramer may actually be relevant for the control exerted by the enzyme on its catalytic activities. The isolated GltS ␣ subunit exhibits a strong glutaminase activity, uncoupled from ammonia transfer to the synthase site and independent of the presence of 2-OG at the latter site and of the redox state of the cofactor (8) . On the contrary, in the GltS ␣␤ holoenzyme, glutamine hydrolysis at the GAT site is, in all cases, tightly coupled to ammonia transfer to the synthase site and reductive L-glutamate formation from 2-OG (1, 8) . The determination of the three-dimensional structure of the GltS ␣ FIG. 6. Models of ␣ 4 (upper), the ␣␤ protomer (middle), and the GltS (␣␤) 4 holoenzyme (lower) generated as described under "Results and Discussion." Color codes are as follows: cyan, residues 50 -520 of DPD used to represent the GltS ␤ subunit; blue, the GltS ␣ subunit GAT domain (residues 1-422); red, the central domain (residues 423-780); green, the FMN domain harboring the synthase site, FMN, and the [3Fe-4S] cluster of GltS (residues 781-1203); purple, the C-terminal ␤ helix (residues 1204 -1472); orange, iron-sulfur clusters; yellow, FAD and FMN. NADP ϩ bound to the ␤ subunit model is colored green. Thicker C-␣ traces of the ␤ subunit model indicate residues 71-87, 131-152, 365-380, and 410 -425 involved in contacts with the ␣ subunit. In the ␣ subunit, the polypeptide segment made of residues 941-965 of loop 4, which may control 2-OG access to the synthase site, is also displayed as a thicker C-␣ trace. The models were displayed using Rasmol (33) . subunit (3) and, more recently, of Synechocystis Fd-GltS (4) allowed the determination of the most likely structural elements within the subunit, which are responsible for the crossactivation of the GAT and synthase sites, but gave no information on the reasons for the strong (uncoupled) glutaminase activity of the isolated ␣ subunit or its loss in the ␣␤ holoenzyme. Comparison of the ␣ 4 and (␣␤) 4 models suggests that activation of glutaminase activity, uncoupled from 2-OG binding to the synthase site and reduction of the ␣ subunit cofactors, is triggered by interactions between the GAT and ␤-helical domains, which occur in the ␣ 4 tetramer, but not in the GltS (␣␤) 4 holoenzyme.
Conclusion-X-ray scattering measurements of solutions of GltS ␣ and ␤ subunits and of the ␣␤ holoenzyme were performed to analyze their quaternary structure. Ab initio shape reconstructions and analysis in terms of high resolution models of individual subunits using new programs for rigid body refinement of symmetric oligomers yielded consistent results. The ␣ subunits form ␣ 4 tetramers, which appear as catalytically independent units and display intersubunit contacts different from those between dimeric ␣ subunits in the crystal. Differences between subunit arrangement in solution and in the crystal have already been reported in numerous studies (30, 31) and can be attributed to the influence of the crystal packing forces. The experimental scattering curve of the GltS (␣␤) 4 tetramer is neatly fitted by a symmetric assembly of the GltS ␣␤ protomers, the latter constructed from the crystallographic coordinates of the GltS ␣ subunit and those of a homology model of the ␤ subunit. The arrangement of the ␣ subunits in (␣␤) 4 is similar to that in ␣ 4 , but the GltS (␣␤) 4 tetramer is also stabilized through interactions between ␤ subunits of adjacent ␣␤ protomers, attached at the periphery of the molecule to form interprotomer dimers.
Of course, models built by rigid body refinement, although presented in the form of C-␣ traces, should be considered as low resolution models, as they are based on low resolution solution scattering. Nevertheless, inspection of ␣ 4 and GltS (␣␤) 4 tetramers leads to several important conclusions. First, all models agree well with the known properties of the GltS holoenzyme and of its isolated ␣ and ␤ subunits. In particular, the aggregation state of subunits or protomers does not seem to affect the catalytic properties of the enzyme species. The observed stability of the GltS ␣␤ protomer and (␣␤) 4 tetramer is explained by the extensive interactions between the subunits within the protomer model and those between ␤ subunits of adjacent protomers in the tetrameric structure. Furthermore, the present molecular models of both GltS ␣ 4 and (␣␤) 4 tetramers rule out a role of the C-terminal ␤-helical domain of the ␣ subunit in determining the aggregation state of the enzyme species. Thus, it can be concluded that this protein region plays a major role in the formation, with the other three domains of the ␣ subunit, of the intramolecular tunnel that channels ammonia from the GAT site to the synthase site of GltS (Fig. 1) . Finally, contacts between ␣ subunits in the ␣ 4 tetramer involve residues of the central domains of adjacent subunits, which are also maintained between ␣ subunits in the GltS (␣␤) 4 tetramer. On the contrary, the interactions between the GAT domain of one subunit and the ␤-helical domain of the neighboring one are lost in the GltS (␣␤) 4 tetramer as compared with the ␣ 4 species. It can be proposed that such interactions are responsible for the conformational changes within the enzyme GAT domain, which lead to one of the main functional differences between the ␣ subunit and ␣␤ holoenzyme of GltS. Namely, the ␣ subunit exhibits a strong glutaminase activity, uncoupled from the GltS activity, which is absent in the GltS ␣␤ holoenzyme (8) . It appears that x-ray crystallography failed to detect structural features responsible for the uncoupling of the glutaminase activity of the isolated GltS ␣ subunit because it may be determined by subunit-subunit interactions, which differ in solution with respect to those found in the crystalline state.
